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ABSTRACT 


A study was made of the nozzle efficiency and entrainment 
rates of jets which were made to oscillate by fluidic means. 
The entrainment rates were determined using conventional 
pitot-static tubes which indicated significant increases 
for the oscillatory jet versus the steady jet. Also, work 
was started to verify these results using the Ricou-Spalding 


entrainment chamber. 
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i. ©NPRODUCTION 


A considerable amount of information exists on the 
aerodynamic characteristics of steady turbulent jets, but 
little is known about unsteady jets. Oscillating jets have 
become of increasing interest in a number of applications, 
such as increasing the entrainment rates in ejectors used 
for aircraft thrust augmentors. Other possible applications 
occur in lasers and ram jets. 

An ejector is a simple device deSigned to increase the 
thrust from a primary nozzle by the entrainment of secondary 
air from the surroundings. A schematic of an ejector is 
SmOwn in Figure 1. It provides for the transfer of energy 
from the high velocity, low mass flow from the nozzle to 
the low velocity, high mass flow from the surroundings. 

The momentum leaving the ejector is greater than that of 
the primary nozzle alone, and hence the thrust is increased. 

Viets [Ref. 2] suggested oscillation of the jets by 
acoustic techniques in order to increase their mixing and 
entrainment rates. A design based on his suggestion is 
shown in Figure 2. 

The design allows for a throat area and a larger exit 
area, separated by a slot. The flow leaving the throat is 
bistable and will attach to one wall or the other in the 
exit area. A low pressure area is set up in the slot on 


the attachment side, while a high pressure forms in the 
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opposite slot. From these pressure areas, pressure waves 
travel through a tube connecting the slots. The high 
pressure wave travels to the side of attachment and forces 
the flow to detach. At the same time, the low pressure 
wave travels to the opposite slot and draws the flow toward 
it. Once the flow has attached to the opposite wall, the 
process is repeated. 

Schum made a study [Ref. 1] of several nozzle configura- 
tions, steady and unsteady, which might have merit for 
application in aircraft augmentors. Besides the design sug- 
gested by Viets, he also investigated the "flip-flop" and 
"hypermixing" nozzles, among others. Further information 
about these designs can be found in Refs. 1 and 2. fn his 
study he showed that the thrust augmentation is proportional 
to the product of the primary nozzle efficiency and the 
square root of the entrainment. Therefore an optimum design 
would be one with a high entrainment rate and high efficiency. 
Schum's investigation indicated that oscillating jets had 
the potential to meet these criteria. 

The objective of this work was to study the efficiency 
and entrainment rates of Viets' nozzle in order to provide 
further information about unsteady jets and thus to contri- 
bute to the assessment of their usefulness in aircraft aug- 
menter applications. The tests were conducted using a con- 
ventional pitot-statis tube, with some preliminary work 


begun using an entrainment chamber similar to that described 


ied 





in Ref. 5. Typical Reynolds numbers were on the order of 


noe, based on the smaller nozzle dimension. 
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fi weno l AND EFFICIENCY 


Air was exhausted from a plenum chamber into the atmos- 
phere through a row of nozzles separated from each other by 
sheets of one-eighth inch aluminum. The plenum was supplied 
with air which was run from a holding tank through a pressure 
regulator. A mercury "U" tube was used to read the gage 
pressure in the plenum chamber. 

The chamber was mounted on a frame, but was free to 
slide forward and backward in the direction of the thrust. 

A bar and thrust ring was attached to the upwind side of 
the plenum and to the frame, with a strain gage bonded to 
the thrust ring. The output of the strain gage was put 
through an amplifier and wheatstone bridge, and displayed 
on a digital voltmeter. Figures (3) and (4) show the 
experimental setup. 

All of the tests were conducted using a constant back 
pressure (ambient), changing the plenum presSures to vary 
the pressure ratio. 

The efficiency of a nozzle is defined as the ratio of 
the measured thrust to the ideal (isentropic) thrust. The 
actual thrust was measured by setting the desired plenum 
pressure and recording the strain gage output. The strain 
gage had been calibrated by suspending a tray from the upwind 
Side of the plenum, adding known weights, and recording the 


Strain gage output. By plotting the output versus the 
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weight, a calibration curve had been obtained. The actual 
thrust was then a simple conversion of millivolts to pounds 
force by using the curve. 

By oscillating the flow, a portion of the momentum 
leaving the nozzle is in the transverse direction. This 
necessarily decreases the streamwise component for a given 
flow rate. For this reason, reduced efficiencies were 
expected. 


The theoretical thrust is given by the momentum equation. 


apa = fov(v:dA) - fov(v-dA) (el) 
out ra 


il 
oO 


Assuming one-dimensional flow, and assuming the Ve 
due to a large reservoir area compared with the nozzle 


area, 

F =p VA=PAyM (2) 
For isentropic flow, 
Po = P[l + G+ u*} (3) 


oO 


which can be arranged to express me in terms of the 


pressure ratio. 


Me = ((—) * -1] —S (4) 


14 





Substituting for Ma the momentum equation becomes 


ait 
= 2y_y)p(- 2) Y _ 
net Beye sy | 1] )) 
or in dimensionless form, 
i-y 
ee ZY eee = 
PUA = 5 (y=r? eo) 1] (6) 


The critical pressure ratio for choked flow in the 
nozzle can be determined from equation (3), using M = l 
and y = 1.4. 


= ie Gee L 
ea Pee a (at) 


(2 = .5283 
Oo critical 


For flows with P/P. less than (P/P_) 


SG ecrrcical the exit 


of a converging nozzle is choked and M = 1 is the maximum 
Mach number attainable. With constant back pressure, the 
plenum pressure can be increased to decrease cab. below the 
critical value. For these conditions, there is an additional 
force: F = (.5283P. - P)A. Therefore, the thrust equation 


becomes 


i-y 
FU i 
PA 
O 


P ,2 P 
= = ee ee - 1] (7) 
Po ‘de ES 


abs 





ox 


ey 
aoe ce = 
ari 1] + (.5283P, - P)A (8) 


12 
set (Qe 
O O 
for pressure ratios below critical. 


Another approach to the non-dimensional thrust equation 


is 





F=vanm 
g 
_wor . => 
P=g /vyR So 
Re 6 T. 
wT, J ty 


For isentropic flows, the temperature ratio can be expressed 
in terms of the pressure ratio. Substituting, the thrust 


equation becomes 








aa lie Ll 
ZY Se 
p= RP) i  Y - up? 
w/t 2 
oO 
oY 
a: eeu i-y i 
F_= Yy¥R,_P) 2y Py) Y . 43-432 + (.5283P -P)A 
a - (e (Tg = a ae) 


for supercritical pressure ratios. 


16 





The ideal thrust was computed using equation (5), 
assuming a plain converging nozzle. The area was measured 
to be 2.492 in* for five nozzles operating, and 1.484 in? 
when only three nozzles were utilized. 

The efficiencies obtained were lower than expected, 
possibly due to flow separation at the outer walls. In an 
effort to correct this, the outer two nozzles were blocked 
off, and the tests were run again uSing only the three inner 
nozzles. The resulting efficiencies were lower than those 
for all five nozzles operating. 

To improve the performance, a new inlet was designed 
to provide for a more gradual reduction of area from the 
plenum to the nozzles. The apparatus was recalibrated, 
yielding approximately the same curve. 

With the new inlet, the efficiencies were basically 
unchanged at lower plenum pressures, but were slightly 
higher at pressures above 20 inches of mercury gage. Again 
the two outer nozzles were blocked off, but the efficiencies 


remained at about the same level. 
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III. FREQUENCY OF OSCILLATION 


The primary method used to determine the frequency of 
oscillation was to connect a pitot tube to a pressure 
transducer, and feed the output of the transducer to a 
spectral analyser. The desired plenum pressure was set, 
and the pitot tube was inserted in the flow in the center 
of the nozzle exit. By placing the pitot tube in that loca- 
tion, the pressure transducer sensed the flow twice for each 
cycle. That is, if the flow started at the upper wall, 
detached, and pease cached to the lower wall, it passed the 
pitot tube and was felt by the transducer. To complete one 
full cycle, the flow would detach from the lower wall and 
reattach to the upper wall, again passing the pitot tube. 
For this reason, the frequencies listed in Tables 4 through 
9 are actually twice the frequency of oscillation. 

The first frequency measurements were taken with all 
five nozzles operating. The data in Table 4 show that for 
all plenum pressures used, the two outer nozzles were con- 
sistently lower in frequency than the inner three. The two 
outer nozzles were then blocked off, and frequency measure- 
ments taken for the three inner nozzles, and the data listed 
in Table 5. A comparison of Tables 4 and 5 shows that no 
major change in observed frequency occurred. For this 
reason, it was felt appropriate to keep the outer nozzles 


blocked off for all further tests. 


ES 





To remain consistent in the presentation of the data, 
the nozzles were numbered, and this numbering system re- 
tained throughout the tests. Therefore, the column headings 
in some of the data tables and the explanatory information 
in the figures indicate nozzles 2, 3, or 4. Nozzles 1 and 
5 were the outer nozzles which were blocked off. 

After taking another set of measurements to insure 
consistency and repeatability, the length of the feedback 
tubes was changed, and frequencies measured. The tube 
length for each set of measurements iS given below the 
appropriate table. 

An alternative method used to determine the frequency 
was to connect a microphone to the analyser and pass the 
microphone in the vicinity of the flow. This method was 
used to corroborate the data taken with the transducer. 
For these measurements, the tube length was 6 feet, anda 
comparison between tables 7 and 10 shows close agreement. 
At higher plenum pressures, an input power warning light 
was illuminated on the analyser, necessitating removal of 
the microphone to a greater transverse distance from the 
flow field. At this greater distance, approximately 8 
inches from the exit centerline, the microphone was unable 
to distinguish any frequency difference between the individual 
nozzles, as can be seen in Table 10. 

Viets, in Ref. 2, provided two plots of frequency, one 


as a function of stagnation pressure and the other as a 


eS 





function of feedback tube length, for nozzles of similar 
design that he had investigated. These have been reproduced 
as Figures 9 and 10 for comparison purposes. The data 


obtained during this study are presented in Figure ll. 
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IV. VELOCITY PROFILES 


Velocity profiles were taken utilizing a pitot static 
tube connected to a manometer. Two axial distances were 
used, three and nine inches from the exit. With the tube 
set at an axial location, it was then moved in the trans- 
verse direction and manometer readings recorded. A mercury 
Manometer was used at three inches from the exit while Dyer 
Fluid (specific gravity = 1.75) was used at nine inches. 

For convenience, all manometer readings have been converted 
to inches of mercury. 

Profiles were taken for the three inner nozzles operating 
in the oscillating and non-oscillating modes. The latter 
was accomplished by disconnecting the feedback tubes, leaving 
the slots open to the atmosphere. All profiles were taken 
uSing a plenum pressure of 10 inches of mercury gage. The 
raw data are presented in Tables 1l through 22. 

An available computer subroutine was used to generate 
additional data points by interpolating between given points 
using standard numerical techniques. A total of 161 points 
were then used in another subroutine to provide a smooth 
curve on a Calcomp plotter. These dimensional profiles are 
given in Figures 12 through 23. 

Non-dimensional velocity profiles were plotted to compare 
the flow at both axial stations for the individual nozzles 


in the steady and oscillating modes. These profiles are 
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given as Figures 24 through 29. In the non-oscillating 
mode, all three nozzles show good agreement with two- 
dimensional turbulent jet theory [Ref. 3]. While it is 
inappropriate to compare this theory with the oscillating 
flow, the profiles of the oscillating nozzles do indicate 
that the flow patterns are basically similar at both 
Stations. 

It should be pointed out that the method used in these 
tests provides only an average velocity in the case of 
oscillating flow, because at any point in the flow field 
the velocity will vary from zero to some maximum value, 
depending on the location of the flow at that instant. 

An independent study [Ref. 4], to be published, conducted 
velocity profile surveys of a similar nozzle using laser 
velocimetry and a pitot-static tube. Integration of these 
profiles indicated that the entrainment rates obtained by 
the pitot-static tube were approximately 10 per cent higher 


than those using laser velocimetry techniques. 


22 





V. ENTRAINMENT 


A qualitative comparison of the entrainment rates of a 
nozzle in the steady and oscillating modes was made by 
integrating the velocity profiles using a planimeter. The 
information obtained is presented in Table 23, along with 
the percentage increase in area of the oscillating over the 
steady case for each nozzle at the specified axial location. 
Due to inaccuracies in the pitot-static tube velocity pro- 
files, a more exact and direct method was desired to measure 
the entrainment rates. 

Reference 5 describes a method for measuring the axial 
Mees t£low rate of a turbulent jet with the secondary flow 
it entrains. This technique consisted of metering flow to 
a primary jet which was injected into a porous-walled 
cylindrical chamber, and metering secondary flow which was 
injected through the porous walls of the chamber. The base 
of the chamber was closed except for an aperture from which 
the primary jet was injected, while the upper end of the 
cylinder was partially closed off by an exit orifice. The 
secondary flow was adjusted until the axial pressure gradi- 
ent across the exit orifice went to zero, when it was assumed 
that the "entrainment appetite" of the jet was satisfied. 

In Ref. 6, Weiss describes a chamber patterned after 
that of Ricou and Spalding, with one basic difference. In 


Ricou's and Spalding's chamber, the axial location of the 
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exit and hence the length of the entrainment chamber was 
fixed, but the orifice diameter could be changed. In 

Weiss' chamber, see Figure 30, the exit orifice was incor- 
porated into the base of a concentric cylinder, with non- 
porous walls, which was free to slide up and down within 

the porous-walled cylinder. The concentric cylinder was 
designed for a tight fit with the porous-walled cylinder, 
such that secondary air could leave the chamber only through 
the entrainment process. With this design the axial location 
of the exit orifice became variable. Hence, while the work 
described in ref. 5 was directed toward finding an optimum 
exit orifice diameter, the work in ref. 6 was directed 
toward finding an optimum axial distance for a given orifice 
diameter. 

The entrainment studies conducted in this work utilized 
Weiss' equipment. However, due to physical limitations of 
the apparatus as modified to fit a fluidically oscillated 
nozzle, it was not possible to meter the flow to the primary 
jet. For this reason, the plenum pressure was always set 
at 4 inches of mercury gage. This insured that the same 
primary mass flow rate was used for all the tests, thereby 
avoiding the metering problem. The secondary flow was 
metered by a venturi. 

The procedure used in the tests was as follows. A 
micromanometer, which was used to measure the axial pressure 


gradient across the exit orifice, was zeroed by bringing the 
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fluid level to a crosshair, and the reading recorded. The 
plenum pressure and secondary flow were set, and the microm- 
anometer was adjusted to bring the fluid level back to the 
crosshair. This reading and the pressure drop across the 
venturi were then recorded. The secondary flow was then 
increased or decreased as desired, and the new readings were 
recorded. 

The data for the initial runs, as presented in Tables 
24 through 30, were taken using a mercury "U" tube to measure 
the pressure drop across the venturi. The mass flow rate, 
as discussed in ref. 6, 1s proportional to the square root 
of this pressure drop. Due to the uncertainty in the second 
decimal place of the reading, estimated at + .03 inches, 
these data were considered adequate Saleen the context of 
determining the optimum axial distance for the orifice. 
Figure 31 is a plot of the square root of the pressure drop, 
for zero pressure gradient across the orifice, versus the 
axial distance. It clearly shows a peak entrainment at 
about 4.5 inches. 

After determining this optimum distance, a manometer 
containing fluid with specific gravity of 1.75 was substi- 
tuted for the "U" tube, and additional tests were run with 
the orifice at axial locations in the vicinity of 4.5 
inches. Tables 31 through 33 present these data. 

An initial plot of these data indicated that more data 


points were required at the axis crossover point, i1.e., 
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near the point where the chamber pressure was atmospheric. 
These points had a different zero reading on the microm- 
anometer than any of the others, and therefore are listed 
separately in Tables 34 through 36. 

The data listed in Tables 31 through 36 are plotted 


in Figure 32. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


The efficiencies measured in this work are within the 
range of those measured by Viets [Ref. 7] for similar nozzles. 
Unfortunately, attempts to increase the efficiencies were 
not completely successful. 

A preliminary number of velocity profiles were obtained 
using a pitot-static tube. A profile was taken for each 
nozzle at two separate distances downstream for the oscillat- 
ing and steady cases. The accuracy of these profiles is in 
doubt for the oscillating case, as previously explained. 
However, Ref. 4 shows that the error is not likely to exceed 
12 to 15 per cent. Therefore, the results of this study 
seem to indicate that the fluidically oscillated jet has 
Significantly higher entrainment rates than steady jets. 
et iticeresting to note that the velocity profile for 
nozzle number 3 shows the most pronounced “double hump" 
profile, which is characteristic of oscillated flows. At 
the same time, Table 23 shows that nozzle number 3 had the 
most significant increase in entrainment. 

Some preliminary work was done using an entrainment 
chamber, but time was insufficient to investigate the 
entrainment rates of the oscillating jet to compare with 
the steady jet. Therefore, it is not possible at this time 
to provide more accurate entrainment information than that 


presented in Table 23. 
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A more detailed velocity profile survey is recommended. 
More vertical planes should be used to provide a more accur- 
ate picture of the overall flow field. In addition, the 
outer nozzles should be unblocked to determine what effect, 
if any, their operation has on the profiles of the inner 
nozzles. As obtained in this study, the oscillating profile 
does not change significantly from the steady profile for 
nozzles 2 and 4. This may not be the case when nozzles l 
and 5 are operating. 

Further development of the entrainment chamber is 
required for a thorough study of the entrainment rates of 
the oscillating jets. At present, insufficient secondary 
air is available, which limits the plenum pressures that can 
be used. It is therefore recommended that additional lines 


be incorporated to supply secondary air to the chamber. 
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Figure 2. Schematic of fluidically oscillated nozzle 


30 








Experimental Apparatus 
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=G mv Bye Pact Pideal i OOF ane faa 

8 242 ~ 789 aed 2 17.99 woo 7 ~ 387 

9 26 ao io. 79 e200) 704. Oe ~420 
10 306 ~ 749 cS Ol. G22 LO 84 .380 ~450 
ll Bol e753 20.13. 24505 -84 .401 we 79 
2 356 ~714 21.66 25.94 2356422 2505 
3 380 ooo 7 23212 27.90 -83 .440 ~530 
14 405 soo 24.64 29.79 Soo en, 456 aie 
TS 426 ~666 Meo) 3k G2 ee ara. 2574 
16 456 2o 512 Di 14 5 334-33 S54 oS oS 
17 477 2656 20020 sons Sac 505 SolZ 
18 502 ~624 30.54 37.04 <6 Ze 20 ~629 
1, a2 7 ao2 824,060 = seo? Ooms 20 ~645 
20 551 aoo9 33.52 40.49 83 .548 .660 
21 5) 7 -588 BLO 3425:07 See S ~674 
22 Do 7 wo BOe s2 745.63 eee 7 soo 7 
23 515 BOOS 37.41 45.49 So2eeco ly - 700 
24 642 oD 5 39.05 . 47.04 S350. O91 a2 
22 664 ~545 40.39 48.62 -oo 7. O00 ee 
26 690 Sooo 4..97° 30.24 294. 57013 733 
Ee ameo.90 in. Ho. Po = in. Hg 
A = 2.492 in? (5 nozzles) F = lbs. 
Tube length: 6 Ft. 4 In. 

TABLE I 


Thrust and efficiency data for original 
inlet utilizing 5 nozzles 


33 





ORIGINAL INLET 





ac a Fact Pideal n 
5 85 Saal 7: 6.88 “15 
6 104 6.33 Gres ove 
ie 120 4.30 9.47 277 
8 ear) S55 GE 69 a6 
9 154 Sins) oo ae 
10 170 10.34 Spal .79 
inal 183 eS 4229 78 
HZ 200 eZee 15.41 we 
3 214 es O07 16557 79 
14 227 eo. 770 ~78 
LS 243 14.78 Seno ao 
16 258 > 69 oo. oo 
7 273 16.61 20.90 ao 
18 287 17.46 2201 <2 
nS 287 reno 23.06 . 80 
20 320 19.47 24.06 ~8l1 
Za: 335 ZOO 2505 Aiciil 
22 346 2105 26.04 81 
25 G12 22202 27203 von 
24 B73 22.69 20S aS: 
25 a7 25.54 28.89 ~81 
ee =a Om Lian. HG Pg = in. Hg 
A= 1.484 in? (3 nozzles) F = lbs 
Tube length: 6 Ft. 4 In. 
TABLE I1 


Thrust and efficiency data for original inlet 
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SECOND INLET 


ideal 





P 
EG BY ae Pact ideal i ‘BOF act ‘POA’ 
5 157 Noo eoe DS | 1.62 .82 moe 270 
6 184 coat. 19° 13.72 - .82 253 Sak 
oe 2A noultse02 15.90 .82 2G 5250 
Guezay)6=StC«‘(iéjt OO «=C:«d15.02 17.96 .84 i322 ~385 
ez? > 86.770 16.73 19.98 .84 1.350 .418 
10 303 #=.750 %18.43 22.08 .83 .376 450 
ieee 328 .732 19.95 24.03 .83 .397 478 
ee 357 eset. 72 | 25.93 .84 422 S05 
MomeeosO)6«C«w GG)=Co 23.11 27.88 .83 438 ~529 
ie 402 Mosgmme4.45 29.78 .82 se Boe 
15 422 .667 25.67 31.61 .81 #.465 .573 
16 453 moisuez 7 255 33.37  .83 488 oe 
17 3483 .639 29.38 35.18 .84 -510 .611 
18 506 .626 30.78 36.91 .83 #4.523 627 
19 = 537 .613 32.66 38.68 .84 544 644 
20 559 .601 34.00 40.36 .84 555 659 
2m 589 #«=.589 35.83 42.08 .85 573 673 
22) 607 .578 36.92 43.70 .84 .579 . 686 
23 633 .567 38.50 45.36 .85 .593 .699 
24 656 .556 39.90 47.06 .85 #.603 ae 
25 680 .546 41.36 48.64 .85 } .613 S/n 
26 706 .536 42.94 50.27 .85 .626 m2 
fy 72602«=Cs(«i«wéséSS27~2=«= 44.16 51.76 .85 #«.632 7 Aa 
28 752 .518 45.74 53.29 .86 643 .750 
29 769 .509 46.78 54.85 .85 .647 .756 
30 784 moOHee 47.69 56.27 285 649 . 766 
P. 30.08 in. Hg. Po Hs | SHG 
A = 2.492 in F = lbs 
Tube Length: 6 Ft. 4 In. 
TABLE III 


Thrust and efficiency data for second inlet utilizing 


a7 


5 nozzles 
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Po TV fer fun Tap faa Fes Figeat Fact 1 
Peeiee22.9 94.1 91.3 93.3 84.1 11.57 9.57 .83 
pepromss.3 94.9 - 95.7 85.3 13.75 11.57 .84 
7 221 86.1 95.7 94.5 95.9 85.3 15.87 13.39 .84 
fye5ts5.7 95.3 92.9 94.5 86.1 17.96 15.20 .85 
9 278 86.5 96.1 92.9 94.5 86.5 20.01 16.84 .84 

fgmeeese S61 96.5 93.3 94.9 86.5 22.02 18.47 .84 

MeO = 96.1 93.3 - 86.5 24.00 20.11 .84 

[meses — 96.9 94.1 - 986.5 25.94 21.56 .83 

13 380 - 96.5 94.9 94.9 86.5 27.85 23.02 .83 

14 403 - 96.1 94.9 94.9 86.5 29.73 24.41 .82 

15 429 - 96.1 95.3 95.3 86.9 31.58 25.98 .82 

16 454 - 96.9 95.3 95.3 86.9 33.40 27.50 .82 

17 478 86.5 97.3 94.9 96.1 87.7 35.19 28.95 .82 

18 509 86.9 96.9 94.9 95.7 87.7 36.95 30.83 .83 

19 535 86.9 96.9 95.3 95.3 87.7 38.69 32.40 .84 

Bamse0 86.9 96.1 95.3 95.3 87.7 40.40 33.92 .a4 

21 587 86.9 96.1 94.9 95.7 87.7 42.09 35.55 .84 

= = 20,05 in. Hg. P, = Aegis 

A = 2.492 in* F = lbs 

Tube Length: 5 Ft. 10 In. f = Hz 

TABLE IV 


Frequency, thrust, and efficiency data utilizing 
Boe t . On. 


5 nozzles, tube length = 
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10 
te 
eZ 
13 
14 
die. 
16 
7 
18 
£9 
20 
Ze 
Ze. 
25 
24 
25 
e 


a 
4 


Tube Length: 


mV £u5 
91 93.0 
L113 33.9 
eo 94.6 
ED 0 94.1 
168 O55 .e3 
183 = 
201 - 
ZS 96.9 
230 96.5 
245 OGL 
259 96.2 
274 97.0 
286 97.3 
B02 36. 6 
SL7 96.2 
334 = 
So O57 
B65 choy 7 
376 - 
390 - 
407 ~ 
B@.oL in. 
1.484 in” 


94.1 
O26 
20 
oI 
93.<..3 
94.5 
94.9 
94.9 
o>. 3 
94.9 
94.9 
94.8 
94.7 
95.90 
94.5 


Jee 


JD. 6 


94.9 
J45 
ore, 
94.6 
94.9 
47.5 
94.9 
Joe 
oe 
Doers 
14.9 
94.6 
94.7 
95.0 
95.4 
oo 
De. 
57 


54 


Seto LO ink 


TABLE V 


ideal act 
SZ Si 
8.22 6.84 
9.49 das 
10.74 9.09 
io de LOS 
Sy ek O'S 
Aes 5 b2 27 
155i £3.02 
PG sC6r bon 95 
17.78 14.84 
Si ee oo 9 
oo ee eon6 0 
Za a0 Ae 52 
22 OS ae9 
Zab4, 19.20 
Zanki 20.23 
Z25es 21.26 
Z2Ge. F221 
ZueixG meee) 7 
2 Se oe 2s 2 
29.08 24.65 
Pc = in. Hog. 
F = lbs 
f = Hz 


Frequency, thrust and efficiency data 


Tube length = 5 Ft. 10 In. 
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See oes CPigeat Fact 1 
fao)«(i«i8.3)SCO.3)S92.9~Sséi«aS« 89S—«SwS5C«w 80 
fetlo §6(93.3.—~Cié«C zs EIGMEEIGRGO NN. 61 
fmesg,«(i‘ a. 54.5) (94.1 Sti«i“ i GSSC«<‘7=«wWBHT?’”:«Cé«@«CR 
8 149 94.1 92.5 94.5 10.70 9.02 .84 
eia7) 95.3 92.9 94.5 11.92 10.12 .85 

Mois PEM POON tael2 11.14 95 

nr SE MGSRan 2450 12.05 64 


ile2 214 Gio 9455 94.5 15.46 12.96 .84 
13 228 Oro 94.9 94.9 LIS) 5 (G0) AEs) JL te 7: 
14 245 Deer Ose oo Vjate 24.84) «84 
ls 256 = oer. ye Remo mE Lo. oa oe 
16 274 O77 ea, BiG: io Omeet 6. OOmn, O5 
7, 288 Sree 63 9560.3 20.97 17.44 .83 
18 302 96.5 g5 3 G3 PoC LOR 8 2 O35 
9 319 96.9 Bote g2a03 23,06 selene s2 .64 
20 334 95 <5 oa. 95.53 24.08 20.23 .84 
Zu 349 are oSn3 oe Zo e0oee 2 ela). 64 


22 363 = 94.9 Bons 26.08 21.99 .84 
23 376 = 953 Greer 27506 922.77 - «84 
24 ao 1 = os 25) 2S O22. 68 , 30 
Z5 405 = ae 7 od ZowGeee oOo | OS 
26 421 = oe ood ZI. 2570) 4 oO 
27 435 = oS ore SOR somec6.35 8.85 
28 451 - Sone S65 SGG IL = Ie) 
P. emoun2l! in. Ho. Po = in. Ho. 

A = 1.484 in* F = lbs 

Muee Length: 5 Ft. 10 In. f = Hz 


TABLE VI 
Frequency, thrust and efficiency 
data, Tube length = 5 Ft. 10 In. 
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Po ry Fao E43 Fag ideal act is 
3 58 85.8 85.0 85.4 4.23 a8 so3 
4 75 89.0 88.2 88.2 Seo. 4.54 eZ 
5 92 S107 = = oao9 5.07 ou 
6 110 90.6 a Salas Sree 6.66 orl 
i 23 OO 9s.0 91.0 9.45 7.45 soo 
8 142 91.4 90.6 SOAs 10.70 8.60 . 80 
9 158 Oe 90.2 90.2 leo 2 Oo 7 . 80 
10 7 2 SB. 3 6, SWS eSeee 10.42 ~79 
a BORO9 in. Hg. Pa = in. Hg 
A = 1.484 in’ F = lbs 
moe Length: 6 Ft. QO In. f = Hz 
TABLE VII 
Frequency, thrust and efficiency 


data, Tube length 
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On rete. 


QO In. 





Pc a E42 E43 Fug deed Fact q 
3 59 1973.3 Wet I9 <3 4.26 3.57 . 84 
4 75 82.1 80.5 82.1 5.6L 4.54 oo. 
5 95 82.1 82.5 82.9 6.94 5275 83 


6 ie 2 Bere = Bio 8.24 bas Bo) 
iy 130 Sony 84.1 84.1 oo rire: 0) 501! 
8 147 Seow S209 84.1 Gee 8.90 83 
9 164 84.5 823 84.1 t2200 oS 83 


10 1S 0 84.1 83.3 84.5 Powe. Eom 0 83 





a 20.30 in. Hg Pa = rly EG 

A = 1.484 in? F = lbs 

moe Length: 6 Ft. 6 In. f = Hz 
TABLE VIII 


Frequency, thrust and efficiency 
data, Tube Length = 6 Ft. 6 In. 
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oa 


EC ay E42 Fa3 Fag Pideal act 4 

5 94.1 76.5 1G ok 76.9 SreoG S70 “S38 

6 ne ides = ers Sg 6.78 83 

7 129 ad wl 1 ove 9.46 7.01 83 

8 148 eee, Gia 9 Oa 10.70 8.96 84 

2 166 oar. iG eo igs oS 10.05 84 
10 182 1 Sok Waa: 3 Td ad eS eZ 84 
el oT = Hil a3 ITS va 30 tees 83 
eZ eld 736.3 eS | les 15.46 Wes 83 
13 225 i Ono C32. 7 Sick oo) S63 82 
14 240 Y Olek: Sik vo ae ie 2 14.54 moe 
eS 256 owe HS. Toa 18.82 ey oe BOZ 
16 271 1943 1S. 5 7 Ole oye 16.41 soc 
17 287 Oreo Poe il eh 20.98 ee 83 
18 302 78.5 alee Wo 227.03 oeco -oo 
19 318 oS S61 Tw Zo Od, oie G 18) 5) 
20 353 78.1 a] ra Za09 20g? 84 
21 B50 Werk G63 13.2 ZO 2120 84 
ae 365 oes Lo. L 18a5 20.09 PATIOS 84 
23 376 1032 74.5 1 See 27 Or Zonet d 84 
24 389 = 74.9 W Seal: 28.04 23.50 84 
25 404 a Core diet 22200 24.47 84 
 — 20.30 in. Hg Po = Hg 
A = 1.484 in? F = 
fmape Length: 7 Ft. 0 In. f = 

TABLE IX 
Frequency, thrust and efficiency 
data, Tube Length = 7 Ft. O In. 








ac Ee2 £43 fu, 
2 80.5 aia S00 
5 S61 84.4 84.6 
4 88.6 88.4 89.4 
5 89.2 89=3 89.0 
6 907 21H) 5 oe 
ii Ore 0 gale 0 91.0 
8 SOR 2 90.2 S02 
9 90.6 90.6 90.6 
10 or. 0 oreo gan. © 
tS Dore oe Boro 
20 Olen? Orleans 91.7 
Z5 91.4 91.4 91.4 

Ps =O 02 In. Ho - Pa = ine HG 

A = 1.484 in? £ = Hz 

Tube Length: 6 Ft. O In. 


Frequency data obtained by alternate method. 


TABLE X 


Frequency data using microphone 
method, Tube length = 6 Ft. 0O In. 
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Figure 9. Frequency of oscillation vs 
stagnation pressure2 
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Figure 10. Frequency of oscillation vs 
feedback tube length? 
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NOZZLE NO. 2 
Nine aCHhS FROM BAIT 


3 OSCILLATING FLOW 
p 
= 
= i 
BI 
= 
ae 
Ge 
E 
0 
e3 100 200 300 LOO 
= 
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wat 
fx, 
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a -1 
<—T 
EH 
w( 
re 
| 
22 
-3 


a ee ee 


VELOCITY ( FT/SEC ) 


Megure l8. Velocity profile for Gsemicaceang. 2 low 
nine inches from exit, nozzle no. 2 
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DISTANCE FROM CENTERLINE ( IN ) 


NOZZLE NO. 3 
NINE INCHES FROM EXIT 
3 OSCILLATING FLOW 


200 300 Loo 


VELOCITY ( FI/SEC ) 


Figure 19. Velocity profile for oscillating flow 
Nine dmches from exit, nozzle no. 3 
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DISTANCE FROM CENTERLINE ( IN ) 


NOZZLE NO. 4 
LINE NCiesS ExOM BAT 


3 OSCILLATING FLOW 


100 200 300 400 


Vipie © CHL inamn(ao rk homcm) 


Figure 20. Velocity profile for oscillating flow 
nine inches from exit, nozzle no. 4 
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Figure 30. Schematic of entrainment chamber 
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STEADY FLOW 
AXIAL STATION: 3.75 in. 
SRIFICE DIAMETER: 1.875 in. 


AP (in. Hg) h (in.) VBP_ (chamber 
ZeCEO 
3.46 1.7319 1.86 - .0923 
Be ol agiG7 ll 1.87 - .0571 
3.55 1.7870 1.88 - .0372 
3.60 1.8037 1.90 - .0205 
3.65 1.8238 1.91 - .0004 
3.69 1.8417 1.91 .0175 
BE 72 1.8623 1.93 .0381 
LS es = 1.8242 in. 


AP. = Pressure drop across venturi 


h = Micromanometer reading for pressure difference 
across orifice 


TABLE XXIV 


Entrainment Data 


Sl 





STEADY FLOW 
AXIAL STATION: 4.50 in. 


ORIPICE DIAMETER: 1.875 in. 


P chamber 
(in. Hg) tena) oe (pane 22.) 
3.73 1.7613 1.93 - .0678 
3.80 1.7976 95 - .0315 
3.80 1.8017 1.95 - .0274 
3.84 1.8105 1.96 - .0186 
3.88 ies 247) 1.97 - .0044 
3.88 1.8276 1.97 - .0015 
3.89 1.8362 ey, 07/2. 
3.92 1.8454 1.98 0163 
3.94 1.8555 1.99 .0264 
3.95 1.8708 1.99 On 

i 

eee = 28291 


AP. = Pressure drop across venturi 


h = Micromanometer reading for pressure difference 
across orifice 


TABLE XXV 


Entrainment Data 
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STEADY FLOW 





AXIAL STATION: 4.75 in. 
ORIFICE DIAMETER: 1.875 in. 
P chamber 
fin. Hg) inh (CSL) oe (hehe 2) 
4.21 1.9747 Za e505 
4.10 ee] 2.02 ~ 1005 
4.03 80 9 Pe (OAL ~0649 
4.00 io oc 2,200 TU Sle 
S93 es 3 31 £2.98 0089 
3.88 1.8040 eon ee Oe 
B65 ee oe 0 eos = aa 
3.80 i? SOG oS - .0684 
5.78 7433 1.94 eee ce 
s.73 LO. Leos =O 
ae 7 61-6 93 — loa 
= 1.8242 in. 


TABLE XXVI 


Entrainment Data 


Pressure drop across venturi 


Micromanometer reading for pressure 
difference across orifice 






- OO ; 





_ 





7 y Oo 


a 


; Shahi ‘9 






STEADY FLOW 
Peta STATION: 5.00 in. 


PREPECE DEAMETER: 1.875 in. 





’ chamber 
aoe fn. Hg) ig {EGON Ay, /OP,, (h - hee) 
a. 70 P7076 1.92 - .1232 
B./2 117359 1393 - .0949 
S275 1.7449 1.94 - .0859 
B77 i762) 1.94 - .0687 
B. 73 1.7802 1.94 - .0506 
a 60 1.7958 £95 - .0350 
B.03 1.8064 1.96 - .0244 
3.86 Leo22) ee - .0087 
ooo 1.8406 1.97 .0098 
3.90 1.8495 1.96 SOS] 
3.90 1.8548 1.96 .0240 
h = 1.8308 
zero 
AP. = pressure drop across venturi 
h = Micromanometer reading for pressure 


Gifference across orifice 


TABLE XXVIIL 


Entrainment Data 
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Sipe ie er 





STEADY FLOW 
BAtAiI, GeAtLON: 5.75 in. 


Piet EeCR DIAMETER: 1.875 in. 





. P chamber 
fa. H Aenicdet) VAP. = 

AP. (in. Hg) (Cine) Mee (R= hae) 
B20 1.6034 ao? - .2217 
Bo L 1.6968 ioe =P eos 
B70 1.8048 eo = .0203 
rn) feolod eos =e O0cs 
a9 ole dis sO0276 
B.o2 ivascco err 0587 
Seo? es ie .0862 
4.02 oe 2.00 eleO 
h Seo ao LN. 

Zero 

AP = pressure drop across venturl 


Micromanometer reading for pressure 
difference across orifice 


> 
il 


TABLE XXVIIL 
Entrainment Data 


85 





STEADY FLOW 
Parad STATION: 6.75 in. 


ORETFICE DEAMETER: 1.875 in. 


P 
. chamber 
AP. (in. Hg) et sineee) HIRT (h = fe) 

3.02 1.7240 1.74 tae OO 
5.10 1.7661 1.76 =e Opies 
a8 ew coo 1.78 - .0352 
3.29 ieo2i3 eo eee OS 7 
3.30 io 350 1.82 ~0100 
3.48 Pete 7 1, SiS ~0547 
3.56 1.9068 1.89 ~0918 
h Selec 2 oe dil. 

Zero 

AP, = pressure drop across venturl 


Micromanometer reading for pressure 
difference across orifice 


oy 
i 


TABLE XXIX 


Entrainment Data 
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STEADY FLOW 
wes oLAleON; 7.75 in. 


ORiriCH DIAMETER: 1.875 in. 





P chamber 
Pp e e a 
AP. (in. Hg) heim.) i Sere ee 
2.30 WoL S06 eta = eos 
ee? D 1.6123 1.66 =) 2023 
DI 35 1.6796 oo pay welaS 
Za 9 2 a ces tak =e Oi 3 
3.00 re pls ees =e 0556 
5.02 eco 1.74 ~0114 
Si. L6 1.9047 ioe 706 
Belg 1.9348 eee SeaOow 
te =mleocoL IN. 
AP = pressure drop across venturi 


Micromanometer reading for pressure 
difference across orifice 


a 
il 


TABLE XXX 


Entrainment Data 
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STEADY FLOW 


BXTAL STATION: 4.25 in. 
Oka tCE DIAMETER: 1.875 in. 
P chamber 
AP,, (in.) cine) VAP (ime) (= hee.) 

25.32 7 34 SOs =e, 1134 
Z5>.91 i750 De Oe - .0782 
Gre 1 7 od OS SZ - .0443 
26.30 ee Ol 2 oe ae 06 
26.46 ye 32 5.14 - .0186 
26.60 ia276 S216 - .0042 
Zo. 67 eo) 2 So - .0146 
Aono 3 iiec 5.7 See aO192 
2. LO Pecos cu TOL? 
er. 12 1.8542 Broa ~0224 
27.40 158903 5.25 20545 
27. 70 09 L 5.26 0773 

a 6 = 1.8318 in. 

AP = pressure drop across venturi 


Micromanometer reading for pressure 


difference across orifice 


TABLE XXXI 


Entrainment Data 
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STEADY FLOW 


AXIAL STATION: 


4. SU ans 


ORet PCE DIAMETER: 1.875 in. 





* chamber 
AP. (in.) oa Gieny. ) Soe gene) CS ahaa) 

25.60 0717 5.06 = oe LoOL 
Ze. 95 eae Sue See oS 
26.20 ve 167 DZ =~ Uso” 
Zier. 25 e626 Dioeke are Goy 
26.45 1.7946 Sea a ae Ooi 
Zig 25 i oo Sinks =e O42) 
Za 1.8431 Daca FOS 
27.45 aor s5 ae24 Oe? 
27.00 eo. 5-25 nO 
Zi. 10 Pao o3 5 ZO ~0470 
Ze. 9S 1.9042 Se29 ~0724 

aro = oon oun. 

AP., = pressure drop across venturi 

by = Micromanometer reading for pressure 


difference across orifice 


TABLE XXXII 


Entrainment Data 
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STEADY FLOW 


Perdis STATION: 4.75 in. 
Srarees DLAMETER: £2875 in. 
* chamber 
AP. (in.) H (in.) ASE (cb) (hieaubiee =) 

25.90 1.7338 5.09 - .0980 
26.00 1.7338 eed - .0980 
26.10 1.7678 So dil - .0640 
26.40 1.7742 5.14 ee oo 
26. 55 1.7869 Sq 1S - .0449 
Bian 0 hg GULLS Se - .0199 
2G. 75 1.8374 So JL7 .0056 
26.85 1.8183 5.18 eo o> 
e715 1.8436 See .0118 
e730 ieee 522 -0195 
27 165 Loiiles 5.26 -0635 
247.270 1.8671 5a26 noes 
28.00 1.9248 ome 0930 


gee sn gr pe TS 


eG = 1.8318 
Dee = pressure drop across venturi 
h = Micromanometer reading for pressure 


difference across orifice 


TABLE XXXIIIL 
Entrainment Data 


on 





STEADY FLOW 
AXIAL STATION: 4.25 in. 


ORIFICE DIAMETER: 1.875 in. 





P chamber 
ae Gina’. ) er ieries) YAP,, (in.) (h - nae) 

Zio. 70 Meas 7 aay 20165 
26.85 lies o23 eG ~0116 
eyo. 9 Hao 2 Deo ~0100 
ai LO Goo) Doz -O0L8S 
27.20 deo Dele SOLS 
2.32 es o2 4 5425 Om 2 

h = 1.8412 in. 

Zero 
AP., = pressure drop across venturi 
h = Micromanometer reading for pressure 


difference across orifice 


TABLE XXXIV 
Entrainment Data 


$2 





STEADY FLOW 
AXIAL STATION: 4.50 in. 


CREPETCE DIAMETER: 1.875 in. 





Pp 
AP (in.) h (in.) YEP. (in.) Soe ed 
Vv Vv (h-h ) 
zero 

26.40 icon. 5.14 .0118 
Zio. 50 Loo oU Sako 70097 
26.60 1.8690 Seo SOS? 
26.80 1.8680 58 SOL2 0 
261.95 ioe OW 519 ~0154 
27.20 1.8671 5a -ULIUS 

BIE Seo Oo Sec LN. 

AP. = pressure drop across venturi 


h = Micromanometer reading for pressure 
difference across orifice 


TABLE XXXV 


Entrainment Data 


33 





STEADY FLOW 
exGAG STATION: 4.75 in. 


ORIFICE DIAMETER: 1.875 in. 


P chamber 

AP. (in.) ee eerinay VAP. (hee Bee) 
Zio. 30 1.8546 a. s O14] 
26.45 iieo LG 5414 -O212 
260.55 oo 9 Ss ~0174 

Zo. 70 eoDo 7 Se ly -0162 
26.85 1.8547 Bienes SOHL4 2 
26.90 1.8554 So ~0149 





oe = 1.8405 
AP. = pressure drop across venturl 
h = Micromanometer reading for pressure 


difference across orifice 


TABLE XXXVI 


Entrainment Data 


94 





uOTFEOOT TeTxXe SA sAanssead azequeyo -‘zEe aanbty 


NOVLEOOT HIXH 





ly iM | in - > ae 
d +> 
+. 
> -p- Bn" A- 
> 
4 OF 
>, + a 
> ha 8 
> 
=. ee 
BAD 
o+ et 
oO EE Ft4OF%+ 
q + 
PN haa 
a illiaal 2" NE SUH e+ 
+ NI BS h=@ town 


+ NI S@h => 


BAKED 


ce 


95 





iS te OF shen RENCES 


Rockwell International Final Report NR75H-129, A Stud 


of Potential Techniques for Increasing Jet Entrainment 
Beaces in Byector Augmentors, by E.F. Schum, October 1975. 


Aerospace Research Laboratories Report 75-0224, Thrust 


Augmenting Ejectors, by H. Viets, June 1975. 


Schlichting, H., Boundary Layer Theory, p. 
McGraw Hill, 1960. 


Hollis, M.K., Measurement of Instantaneous Velocities 
From a Fluidically Controlled Nozzle Using a Laser 
Doppler Velocimeter. M.S. Thesis, Naval Postgraduate 
School, Monterey, 1976. 


Ricou and Spalding, "Measurement of Entrainment by 
Axisymmetric Turbulent Jets," Jo. of Fluid Mechanics, 
wewume ll, 1971. : 


Weiss, D.L., An Experimental Investigation of the Whistler 
Nozzle and an Analytical Investigation of a Ring Wing in 
Supersonic Flow, M.S. Thesis, Naval Postgraduate School, 
Monterey, 1976. 


Aerospace Research Laboratories Report 74-0113, Develop- 
ment of a Time Dependent Nozzle, by H. Viets, July 1974. 
Also published in AIAA Journal, October 1975, 

mes 5-1379. 


96 





INITIAL DISTRIBUTION LIST 


Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0212 
Naval Postgraduate School 
Monterey, California 93940 


No. Copies 


Chairman, Aeronautics Department, Code 67Be 1 


Naval Postgraduate School 
Monterey, California 93940 


Professor M.F. Platzer, Code 67Pl 


Department of Aeronautics 
Naval Postgraduate School 
Monterey, California 93940 


LT Richard James Veltman 
Route 1, Box 292 
Easton, Maryland 21601 


Dr. H.J. Mueller 

Research Administrator 
Code AIR-310 

Naval Air Systems Command 
Washington, D.C. 20360 


oF 




















Thesis 
V363 
Col 








16643 3 


Veltman 


An experimental in- 


vestigation of the ef- 
ficiency and entrain- 

ment rates of a fluid- 
ically oscillated jet. 


thesV363 
An experimental investigation of the eff 


UYU 


3 2/68 00192759 > 
DUDLEY KNOX LIBRARY 





































































































































































































4 





